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Abstract
The Photochemical Reflectance Index (PRI) of green leaves is an indicator of photosynthetic downregula-
tion: when the photosynthetic apparatus is close to the saturation limit, PRI becomes dependent on light
conditions. Therefore, by measuring the PRI of leaves under different local irradiance conditions, it should
be possible to determine the saturation level of the leaves and obtain information on the light use efficiency
(LUE) of a vegetation canopy. The dependence of PRI on the ratio of sunlit to shaded foliage (quantified by
the canopy shadow fraction) in the field of view of an instrument has been used to remotely measure canopy
LUE on clear days. However, besides photosynthetic downregulation, the dependence of canopy PRI on
shadow fraction is affected by the blue sky radiation caused by scattering in the atmosphere. To quantify
this effect on remotely sensed PRI, we present the underlying definitions relating leaf and canopy PRI and
perform the required calculations for typical midsummer conditions in Central Finland. We demonstrate that
the effect of blue sky radiation on the variation of PRI with canopy shadow fraction is similar in shape and
magnitude to that of LUE variations reported in literature.
Keywords: Photochemical reflectance index, airborne imaging spectroscopy, forest structure, light use
efficiency, shadow fraction
1. Introduction1
Under natural irradiation conditions, the spectral properties of leaves are dominated by diffuse scattering2
of incident light by leaf inner structures (Grant, 1987). Within-leaf concentrations of biological pigments3
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(e.g., chlorophyll or carotenoids) thus strongly influence leaf spectral scattering by absorbing radiation with4
specific wavelengths. The spectrally selective absorption can be used to determine pigment concentrations5
rapidly and nondestructively using optical measurements.6
Gamon et al. (1992) demonstrated that leaf optical properties at 531 nm track the epoxidation state of7
xanthophyll cycle pigments. The three pigments (zeaxanthin, antheraxanthin and violaxanthin) involved in8
the cycle have different absorption coefficients at this particular wavelength in the green part of the optical9
spectrum. The xanthophyll pigment interconversion cycle is activated by excess light and it has an important10
role in leaf photoprotection. Under saturating irradiance conditions, violaxanthin is converted to zeaxanthin11
creating a pathway for dissipating excess light energy as heat (Demmig-Adams and Adams, 2006). There-12
fore, optical measurements can be used to track the photosynthetic downregulation of a leaf, and offer a fast13
and non-destructive way to measure its photosynthetic status, potentially from a large distance.14
The influence of the xanthophyll cycle on the optical properties of the leaves is commonly quantified15
using the Photochemical Reflectance Index (Gamon et al., 1992) defined as16
PRI =
ω(531)−ω(570)
ω(531)+ω(570)
, (1)
where ω(λ ) is the spectral albedo of a canopy element (leaf, needle) at the wavelength λ (in nanometers),17
i.e., the fraction of radiation reflected or transmitted by the element (Knyazikhin et al., 2013). Optical18
properties at 570 nm are used for reference in Eq. (1): at this wavelength, ω(λ ) is not affected by pigment19
interconversions.20
The PRI defined by Eq. (1) for an individual leaf is directly related to its photosynthetic efficiency21
ε defined as the ratio of photochemically harvested CO2 to absorbed photosynthetically active radiation.22
Unfortunately, the leaf-level relationships are masked by other biophysical variables in the reflectance signal23
of a vegetation canopy. Stand-level light use efficiency (LUE) cannot be inferred from traditional, mono-24
angle remote PRI observations (Hilker et al., 2013). However, the variation in leaf PRI with canopy location25
(sun or shade) makes it possible to infer canopy LUE from the derivative of PRI with respect to the shadow26
fraction αS (Hilker et al., 2010, 2011a). Under normal mid-day clear-sky irradiance conditions, sun-exposed27
leaves experience saturating light conditions. Their PRI values become different from those of shaded leaves28
making canopy PRI a function of the fraction of shadowed foliage in the instantaneous field-of-view (IFOV)29
of the spectroradiometer. This was demonstrated both theoretically and empirically by Hall et al. (2011)30
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using multiangular optical measurements from a flux tower and a remote sensing satellite.31
All the theoretical calculations cited above are based on a direct comparison of PRI measurements made32
on clear days under different view angles ignoring scattering in the atmosphere and multiple scattering in the33
vegetation canopy. Indeed, it is rather trivial that in case photons undergo a single scattering event between34
the source (sun) and the sensor, a normalized difference reflectance index (such as PRI) does not change35
with the viewing geometry unless the reflectance value in one of its bands changes. In the visible part of36
the spectrum including the wavelengths used in PRI, multiple scattering inside the vegetation canopy can be37
ignored to a reasonable accuracy. However, this may not be the case for the spectrally selective scattering38
in the atmosphere before the photons enter the canopy, especially under clear skies. Thus far, the effects of39
the atmosphere on measured canopy PRI have been investigated only to a limited extent. Hall et al. (2011)40
demonstrated that the influence of atmospheric scattering and absorption on PRI can be ignored for canopy-41
reflected radiation. The extent to which scattering in the cloudless atmosphere – or blue sky radiation –42
affects the PRI – αS relationship has not been investigated yet.43
The aim of our investigation is to present an analysis and model-based calculations of the non-44
biochemical factors affecting retrieval of canopy LUE from multiangular measurements of PRI. In other45
words, to untangle the geometric and biophysical causes of the variation of PRI with view angle, we keep46
leaf optical properties constant with the shadow fraction. We start by specifying the physical basis for re-47
lating multiangular canopy and leaf reflectance measurements. Using data from literature, we perform a48
quantitative analysis of the purely geometric effects interfering with remote measurement of the leaf-level ε .49
2. Theory and materials50
2.1. Leaf and canopy reflectance51
The reflectance factor of a forest when measured directly above its canopy is defined as the ratio of52
the actual radiance scattered into the IFOV of the spectroradiometer (IF ) to the theoretical value obtained53
when measuring a non-absorbing Lambertian (i.e., diffusely reflecting) surface under identical irradiation54
conditions (IL),55
R(λ ) = IF(λ )/IL(λ ). (2)
Thus, for a direct retrieval of R(λ ), two radiation measurements have to be made. In remote sensing appli-56
cations, an air-, satellite- or mast-born instrument is used to measure the radiance reflected by the object.57
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The additional measurement of the radiance produced by the totally reflecting Lambertian surface can be58
taken (near-)simultaneously with the reflectance measurement (e.g., Hilker et al., 2010). Alternatively, it59
can be replaced by a numerical computation using the relatively stable solar irradiance spectrum and an60
atmospheric radiative transfer model. Further, instead of IL(λ ), R(λ ) may be expressed using the flux den-61
sity of the radiative energy incident on the top-of-canopy surface, or the incident spectral irradiance F(λ ).62
As the bidirectional reflectance distribution factor of a non-absorbing Lambertian surface, RL ≡ pi−1, and63
IL(λ )≡ RLF(λ ), we obtain64
R(λ ) = pi IF(λ )/F(λ ). (3)
In more technical terms, the reflectance factor defined by Eq. (2) is the hemispherical-directional, or, for a65
sensor with a wide IFOV, hemispherical-conical reflectance factor (Schaepman-Strub et al., 2006). It is a66
weighted average of the theoretical reflectance factors obtained under diffuse-sky and direct solar irradiation67
conditions.68
Similarly to Eq. (2), we obtain from the defining equation for the spectral albedo ω(λ ) of a canopy69
element (leaf, shoot, needle, etc. depending the actual canopy structure)70
ω(λ ) = pi I¯F(λ )/φ(λ ), (4)
where I¯F(λ ) is the spherically averaged spectral radiance originating from the element and φ(λ ) is the71
average spectral irradiance on the total (all-sided) surface area of the element. In case of a completely72
closed canopy, we may ignore the contribution of understory and assume that the radiance IF is contributed73
by canopy elements only. Further, if we have a remote sensing instrument with sufficiently high angular74
(or spatial) resolution, we may (at least theoretically) identify the individual canopy element producing the75
canopy reflectance signal. In this case, when we measure the canopy-leaving radiance IF(λ ), we record the76
radiance scattered by an individual leaf. Next, we will make a common assumption in vegetation remote77
sensing: we will ignore the angular variation in leaf-scattered IF and take IF = I¯F (e.g., assume the leaves in78
a broadleaf canopy to be bi-Lambertian with equal reflectance and transmittance). Now, we may solve Eqs.79
(3) and (4) for the common variable IF(λ ) to arrive at80
R(λ ) = ω(λ )
φ(λ )
F(λ )
. (5)
Eq. (5) explicitly connects the canopy reflectance factor R(λ ) with the optical properties of a single canopy81
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element, ω(λ ). Thus, it can be used to scale reflectance between the structural levels of the basic scattering82
element and of the whole canopy.83
No actual remote sensing instrument can distinguish individual leaves. However, it is possible to choose84
observation directions such that the IFOV of the instrument is dominated by canopy elements with specific85
irradiation conditions. For example, elements observed in the backscattering (hotspot) direction are all sun-86
lit; in the darkspot (coldspot) direction, shaded elements dominate. Therefore, in practical remote sensing87
applications, the φ(λ ) in Eqs. (4) and (5) quantifies the average irradiance incident on all sides of visible88
canopy elements under a specific measurement geometry.89
For the canopy-level PRI we can now write using Eq. (5)90
PRIC =
R(531)−R(570)
R(531)+R(570)
=
ω(531) φ(531)F(531) −ω(570) φ(570)F(570)
ω(531) φ(531)F(531) +ω(570)
φ(570)
F(570)
. (6)
We can further define the spectral distortion factor ηPRI as the irradiance ratio91
ηPRI =
φ(531)F(570)
φ(570)F(531)
(7)
and multiply both the numerator and denominator of the fraction on the right hand side Eq. (6) by92
F(570)/φ(570) to obtain a more compact result,93
PRIC =
ω(531)ηPRI−ω(570)
ω(531)ηPRI +ω(570)
. (8)
Based on Eq. (8), PRIC is a nonlinear function of not only leaf optical properties, but also the average94
irradiation conditions of visible canopy elements quantified by ηPRI . Even if the optical properties of the95
elements remained constant, PRIC would be a function of the spectral composition of the radiation incident96
on the leaves, needles or shoots visible to the sensor and therefore depend on the sun-sensor geometry.97
2.2. Spectral irradiance at the top of the canopy98
The spectral irradiance F(λ ) incident on the horizontal surface at the top of a vegetation canopy varies99
greatly with time and space. The total amount of energy reaching the surface of the planet at a particular100
location is mostly determined by the orientation of the location with respect to the sun (i.e., solar elevation),101
the thickness and composition of the atmosphere, and the presence of clouds.102
In the example computations we have used data from Hyytiälä, Finland, in the European south-103
ern boreal forest zone. We retrieved the GOCART (Goddard Chemistry Aerosol Radiation and Trans-104
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Table 1: The input parameters of the 6S atmospheric radiative transfer model.
Parameter Unit Value
H2O g cm−2 1.8
Ozone Dobson unit 340
AOT at 550 nm 0.18
Fractions of aerosol types
dust-like % 29
water-soluble % 66
oceanic % 2
soot % 3
Solar zenith angle degree 50
port, Chin et al., 2002) atmospheric composition for Central Finland using the Giovanni Web-based tool105
(http://disc.sci.gsfc.nasa.gov/giovanni, Acker and Leptoukh, 2007) for the peak growing season (June to Au-106
gust) of 2000 – 2006. As remote sensing observations as well as most other spectral measurements are made107
under clear skies, the contribution of clouds was ignored. The top-of-canopy spectral irradiance was simu-108
lated with the 6S atmospheric radiative transfer code (Vermote et al., 1997). The input parameters for 6S are109
given in Table 1.110
2.3. Spectral irradiance incident on a canopy element111
The spectral irradiance intercepted by visible canopy elements in a vegetation canopy on a clear day can112
be divided into three components:113
1. the direct solar irradiance φ0(λ ),114
2. the diffuse sky irradiance φdi f (λ ), and115
3. canopy- and soil-scattered irradiance.116
First, let us calculate the average direct solar irradiance φ incident on a convex canopy element at the top117
of canopy,118
φ(λ ) =
Fdir(λ )P(ϑ0)
cosϑ0
, (9)
where Fdir is the direct solar irradiance on the horizontal top-of-canopy surface, P(ϑ) is the ratio of average119
projected area of the element in the direction given with the polar angle ϑ to its total surface area, and ϑ0120
is the solar zenith angle. Now, we can define the shadow fraction αS using the ratio of the average direct121
solar irradiance φ0 on visible canopy elements to that on a single element at the top of canopy, 1−αS =122
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Figure 1: The solar spectrum and the ratio of diffuse to total downward spectral irradiance below the atmosphere calculated with the
6S model. Input parameters are given in Table 1. The two wavelengths used in calculating PRI (531 and 570 nm) are marked with
vertical lines.
φ0(λ )/φ(λ ). Thus, the average direct solar irradiance intercepted by all sides of visible canopy elements123
(i.e., the first component in the list above) equals124
φ0(λ ) = (1−αS)φ(λ ). (10)
The second component in the list in the beginning of this section, the average diffuse sky irradiation on125
visible canopy elements, φdi f (λ ), depends on the diffuse flux at the top of the canopy, Fdi f (λ ) (a function126
of solar elevation and atmospheric conditions), and the average fraction of unobstructed sky for the visible127
canopy elements. Naturally, the full sky dome is visible only to the very topmost elements and the fraction of128
blocked sky averaged over visible leaf area depends on both canopy structure and view angle. For a closed129
random horizontal leaf canopy (i.e., a canopy where the flat horizontal scattering elements are distributed130
uniformly in space) and averaged over all view angles, the average fractions of blocked and visible sky131
for the visible leaves can be shown to equal 1/2 using Eq. (12) by Mõttus (2007) (detailed calculations not132
shown here). Further, as φdi f is the average of the blue sky irradiance on all surface area while only half of the133
surface of any convex object is (on the average) facing upwards, φdi f (λ ) = 14 Fdi f (λ ). Finally, we calculate134
the average spectral irradiance contributed by radiation incident on the canopy, φI(λ ) = φdi f (λ )+φ0(λ ), as135
φI(λ ) =
1
4
Fdi f (λ )+(1−αS) Fdir(λ )P(ϑ0)cosϑ0 . (11)
In later computations, we will assume P(ϑ) ≡ 14 , i.e., that the elements have no preferred direction (Lang,136
1991).137
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For flat leaves, P(ϑ) is commonly expressed using the the Ross-Nilson G-function (projection of unit138
one-sided leaf area in the direction given by the polar angle ϑ ), P(ϑ) = 12 G(ϑ). After inserting this expres-139
sion into Eq. (11), we obtain for a leaf canopy140
φI,lea f (λ ) =
1
4
Fdi f (λ )+
1
2
(1−αS) Fdir(λ )G(ϑ)cosϑ0 . (12)
For shoots, equations equivalent to Eqs. (9) and (11) can be derived using the shoot silhouette to total area141
ratio. STAR(ϑ), and its spherically averaged counterpart, STAR. Additionally, because shoots are not142
convex objects, we need first to define their outer surface, or the convex shell of a shoot. In the context of143
this analysis, the exact shape of the shell is not relevant. It suffices that the convex shoot shell has a silhouette144
area identical to that of the shoot in all directions. The average direct solar irradiance incident on the surface145
area of the convex shoot shells of visible shoots can be shown to equal146
φ0,shoot(λ ) = (1−αS) 14
Fdir(λ )
cosϑ0
STAR(ϑ0)
STAR
. (13)
The average spectral irradiance on the convex shells of visible shoots contributed by radiation incident on147
the canopy thus becomes148
φI,shoot(λ ) =
1
4
[
Fdi f (λ )+(1−αS) Fdir(λ )cosϑ0
STAR(ϑ0)
STAR
]
. (14)
For spherically symmetric shoots, (STAR(ϑ0) = STAR), the expression for φ0(λ ) (Eq. 13) becomes identical149
to that for leaves with no preferred orientation (G≡ 0.5). This result is in agreement with the general Eq. (11)150
with P(ϑ) ≡ 14 and makes it unnecessary to distinguish between needleleaf and flatleaf canopies in further151
analysis.152
The third irradiance component in the list in the beginning of this section, canopy- and soil-scattered153
irradiance, has been ignored in previous analyses of multiangular measurements (Hilker et al., 2010, 2011b,a,154
2013; Hall et al., 2011). Indeed, the reflectance of a boreal forest at the two visible wavelengths used in PRI155
is very low. For example, at peak growing season, the reflectance factors of the forest stands at 531 and156
570 nm at Hyytiälä rarely exceed 0.03 (data not shown). As a rough approximation, we may assume that the157
average contribution of second- and higher-order scattering to the canopy reflectance signal is of the same158
order, i.e., not more than 5%. We ignored within-canopy multiple scattering (i.e., photons which interact the159
canopy more than once) in further analysis by assuming φ0(λ )≡ φI(λ ).160
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Figure 2: Spectra of the leaves, needles and shoots of boreal tree species. Vertical bars denote the two wavelengths used in PRI, 531
and 570 nm.
The direct and diffuse irradiances on the horizontal top-of-canopy surface (Fdir and Fdi f , respectively)161
were calculated using the 6S atmospheric radiative transfer model as described above (Table 1, Fig. 1). Eqs.162
(9) and (11), when inserted into (7), quantify the relationship between the spectral distortion factor ρPRI and163
the shadow fraction αS.164
2.4. Leaf albedo165
We used the leaf and needle reflectance data measured by Lukeš et al. (2013) in Hyytiälä in the sum-166
mer of 2012 to simulate the canopy PRI (Eq. 6). Fully developed leaves and needles of the three main167
tree species (Scots pine, Norway spruce, and Silver birch) were picked from sunlit and shaded canopy lo-168
cations. Spectral measurements were carried out in a laboratory using an integrating sphere. The measured169
directional-hemispherical reflectance and transmittance factors were added to obtain the leaf spectral albedo170
ω(λ ). As we were interested only in the structural effects on PRI, we ignored the dependence of ω(λ )171
on irradiation conditions and averaged sunlit and shaded leaf spectra for each species. For spruce, we also172
averaged ω(λ ) of current-year and older needles which were measured separately.173
It is generally accepted that in needle-leaf canopies, the shoot should be used as the basic scattering unit174
(Oker-Blom and Kellomäki, 1983; Nilson and Ross, 1997). Therefore, we used the measured needle spectra175
of the coniferous species (spruce and pine) to calculate shoot albedo using the photon recollision probability176
theory (Rautiainen et al., 2012). The only parameter required for the scaling of needle to shoot, the photon177
recollision probability p, was calculated from the spherically averaged shoot silhouette to total area ratios178
(STAR-values) reported in literature for the same species and geographical area. For Scots pine, we used the179
STAR-value of 0.15 (Stenberg et al., 2001); for Norway spruce, we used 0.14 (Palmroth et al., 2002). Due180
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Table 2: The optical properties of birch leaves, and pine and spruce shoots: ω(λ ) is the spectral albedo; PRIC(dif) and PRIC(dir) are
the canopy PRI values when the field-of-view of the instrument is filled with foliage elements under completely diffuse (ηPRI = 1.16)
and direct (ηPRI = 0.95) irradiation conditions, respectively.
species ω(531) ω(570) leaf PRI PRIC(dif) PRIC(dir)
pine 0.196 0.190 0.014 0.087 −0.011
spruce 0.209 0.214 −0.011 0.062 −0.036
birch 0.294 0.299 −0.009 0.064 −0.034
to the low needle albedo in the visible wavelengths, the clumping of needles into shoots has little effect on181
ω(λ ) at 531 and 570 nm (Fig. 2).182
3. Results and discussion183
Under the average midsummer clear sky conditions, the ratio of diffuse irradiance to total downward184
flux (Fdi f (λ )/F(λ )) decreases with wavelength from close to 50% in violet to 20% in red. In green, it185
constitutes approximately 30% of the downwelling flux at the top of the forest canopy (Fig. 1). At the two186
wavelengths used in PRI, 531 and 570 nm, Fdi f /F equals 0.275 and 0.237, respectively. These canopy-level187
irradiation conditions induce variation in the spectral distribution of irradiation on the leaves (or conifer188
shoots) visible to a sensor, and thus the range of ηPRI (Eq. 7). For completely shaded leaves, we obtained189
ηPRI(dif) = 1.16 by setting φI(λ ) = 14 Fdi f (λ ) in Eq. (7). At the other extreme are the leaves receiving only190
direct radiation, i.e., leaves located in canopy positions where gaps exist only in the direction of the sun and191
the observer. The irradiation conditions for such leaves were characterized by ηPRI(dir) = 0.95, obtained by192
setting φI(λ ) = 14 Fdir(λ ) in Eq. (7). For any view configuration, the irradiation conditions were in-between193
these two values given in Table 2.194
Although the leaf optical properties in Table 2 vary somewhat between species, the difference PRIC−PRI195
can, for all practical purposes, be treated as a function of the spectral distortion factor ηPRI only (assuming196
leaf optical properties do not vary with αS). The range of ηPRI in Table 2 translates into a PRIC−PRI range197
of −0.025 to 0.073 with positive ηPRI values (shaded leaves) leading to PRIC > PRI. The driving factor198
behind changes in the spectral distortion factor ηPRI is the shadow fraction αS. The relationship between199
PRIC−PRI and αS obtained from Eqs. (7), (8) and (11) is strongly nonlinear (Fig. 4). As was the case with200
ηPRI , PRIC − PRI depends only on the value of αS and the atmospheric conditions, but not on the ω(λ )201
values at 531 and 570 nm.202
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Figure 3: The difference between the PRI of a vegetation canopy and that of a leaf (PRIC − PRI) as a function of the spectral
distortion factor ηPRI .
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Figure 4: Dependence of the difference PRIC−PRI on the shadow fraction αS. Atmospheric conditions are described in Table 1.
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Figure 5: The dependence of the derivative of canopy PRI (dPRIC/dαS) on the fraction of shadow included in the field of view of
the measurement device calculated from the data in Fig. 4.
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Figure 6: Dependence of the possible range of the spectral distortion factor, ηPRI(dif)−ηPRI(dir), on the amount of atmospheric
aerosol at different solar zenith angles as predicted by the 6S radiative transfer model. Aerosol composition is given in Table 1.
According to Hall et al. (2011), changes in canopy-level PRI with αS can be used to track the pho-203
tosynthetic light use efficiency of a vegetation canopy in case multiple scattering can be ignored. They204
demonstrated that the partial derivative ∂PRIC/∂αS (which is equivalent to the dPRIC/dαS calculated here)205
is strongly correlated with a quantity describing the photosynthetic downregulation in sunlit leaves – relative206
light use efficiency –, and can be used to infer photosynthetic efficiency at the landscape level. However,207
in the presence of blue sky radiation (i.e., spectrally selective scattering in the atmosphere), the differences208
in the spectral irradiances on sunlit and shaded canopy elements cause variation in dPRIC/dαS unrelated to209
any plant physiological processes (Fig. 5). Judging from the sample data presented by Hall et al. (2011), the210
variation caused by blue sky radiation can be of the same magnitude as that caused by changes in leaf LUE.211
Additionally, the blue sky radiation has the largest effect on dPRIC/dαS for large shadow fraction values212
where the effect of photosynthetic downregulation on dPRIC/dαS is the largest (Fig. 2 in Hall et al., 2011),213
i.e., far from the hot spot and backward-scattering directions. Thus, theoretically, the blue sky signal in the214
directional PRI is similar to the physiological one.215
The range of the spectral distortion factor ηPRI , calculated as ηPRI(dif)−ηPRI(dir), fully determines216
the range of the difference between the observed canopy and leaf PRI (PRIC − PRI). As we ignored the217
multiple scattering within the canopy, ηPRI(dif)− ηPRI(dir) depends only on the atmospheric conditions218
(namely, the amount and composition of atmospheric aerosol) and solar zenith angle (Fig. 6). The value219
of ηPRI(dif)−ηPRI(dir) is close to 0.2 for a wide range of atmospheric conditions. Using the near-linear220
relationship in Fig. 2, ηPRI(dif)−ηPRI(dir) = 0.2 translates into PRIC− PRI ' 0.1. Based on Fig. 6, the221
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largest differences between PRIC and PRI are expected for very clear skies and low sun angles. The effect of222
solar angle on PRIC−PRI is small for zenith angles below 40◦.223
In addition to solar zenith angle and atmospheric aerosol level, PRIC−PRI depends on the fraction of224
visible sunlit foliage, 1−αS. Besides external factors such as solar and observation directions, the latter de-225
pends on the structure of the vegetation canopy. While it is clear that observations at αS = 0 are possible in226
the hotspot direction, sunlit leaves can hardly be completely hidden at any observation angle. As PRIC−PRI227
is most sensitive to shadow fraction at large αS values (αS & 0.9) which are practically non-existing, the228
actual range of PRIC− PRI is considerably reduced from 0.1. A simple numerical result can be obtained229
using the theoretical formulas for first order scattering of direct and blue sky radiation given by the radiative230
transfer theory in vegetation canopies (Ross, 1981; Nilson, 1991). In the case of a thick vegetation layer and231
spherical leaf orientation, these formulas yield the widely-used Ross-thick kernel in the kernel-driven ap-232
proximation of bidirectional reflectance (Wanner et al., 1995). We further corrected the theoretical formulas233
for the hotspot effect in the exact hotspot direction where the correction is trivial. The PRI difference in the234
hotspot (no shadows) and darkspot (maximum shadows) was 0.02 when we used the spectral albedo values235
for pine (Table 2) and Fdi f /F ratios of 0.275 and 0.237 for 531 and 570 nm, respectively. However, this236
does not make the role of blue sky radiation insignificant for LUE estimation. The PRI differences with view237
angle reported in scientific literature also hardly ever reach values close to 0.1 (Hilker et al., 2008; Lewis238
et al., 2005), with most measurements yielding a value below 0.05 (e.g., Hall et al. (2008); Hilker et al.239
(2010); Middleton et al. (2009); Cheng et al. (2012). Therefore, the blue sky effect on angular PRI measure-240
ments described here cannot be ignored when retrieving the LUE of a vegetation canopy from multiangular241
observations.242
The analysis presented here concerns only the scale of the effect of blue sky scattering on the angular243
variation of canopy PRI. We performed our calculations ignoring multiple scattering inside the canopy and244
the distribution of leaf surfaces. The scattering phase function was considered isotropic, an assumption245
that holds only approximately for the wavelengths used in PRI. We further used an approximate value for246
the fraction of unobstructed sky for the visible foliage and assumed a closed canopy, i.e., LAI→ ∞. In247
a more strict and detailed formulation, the direct solar irradiance on visible leaves is a function of view248
and illumination directions as well as the distribution of leaf surface normals (Ross, 1981; Myneni et al.,249
1989). Additionally, many other phenomena may induce an angular dependence in the link between leaf250
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and canopy PRI. For example, the directional distribution of scattered radiation depends on wavelength251
(e.g., Grant, 1987; Bousquet et al., 2005; Mõttus et al., 2012; Mõttus and Rautiainen, 2013), mainly due252
to the reflectance component contributed by leaf (or needle) surface. For some canopies, the scattering of253
visible light in forward directions can be dominated by the specular component. The spectral dependency254
of scattering anisotropy may introduce an additional component in the angular distribution of canopy PRI255
which is independent from its LUE. In order to create a truly robust method for retrieving landscape level256
LUE from multiangular remote measurements, all factors potentially affecting the directionality of canopy257
PRI must be meticulously considered.258
4. Conclusions259
When the radiation scattered by a vegetation canopy under ambient clear-sky conditions is measured260
from multiple view angles, varying fractions of foliage in the sensor’s field-of-view are either shaded or261
sunlit during each measurement. Also the spectral distributions of the radiation incident on sunlit and shaded262
leaves differ. At least partly, the latter is caused by the different spectral compositions of the direct and263
diffuse sky radiation at the surface level. We have demonstrated that the different spectral compositions of264
the two natural irradiation components are sufficient to produce a measurable angular variation in canopy265
PRI. The variation of PRI with shadow fraction – and thus view angle – discussed here is independent from266
the physiological PRI variation caused by radiation-induced interconversion of the xantophyll cycle pigments267
of sunlit leaves.268
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